The ability to deliver a therapy to any desired location within the body has been a primary goal of nanotherapy since its inception.^[@ref1]^ One way to achieve delivery of therapy to locations within the body is through the use of magnetic drug targeting.^[@ref2]−[@ref9]^ To date magnetic targeting has been restricted to either using external magnets to focus therapy to shallow targets^[@ref2]−[@ref7],[@ref10]−[@ref12]^ or to implanting magnetic materials into the body in order to reach deeper targets.^[@ref13]−[@ref15]^ In the first human trials for magnetic targeting, Lübbe et al.^[@ref3],[@ref16]^ used magnets to treat patients with superficial tumors. In recent years, researchers have implanted magnets or magnetizable materials at target locations in order to achieve greater precision in delivering therapies to treat parts of the body such as blood vessels^[@ref17],[@ref18]^ or the retina.^[@ref15]^ However, magnetic implants are not feasible for every biological condition and are not viable for every patient due to the need for additional procedures to place the magnets.^[@ref19]^ As a result, the scope and use of magnetic targeting has remained limited^[@ref20]−[@ref25]^ when attempting to focus therapies to areas deep within the body using external magnets.

The difficulty of magnetic focusing to central targets between magnets follows in part from Samuel Earnshaw's 1842 theorem.^[@ref26]^ This theorem implies that no arrangement of static external magnets can magnetically focus therapy to a central target between the magnets.^[@ref20]−[@ref25],[@ref27]^ When this theorem, which holds for any force field governed by an inverse squared law, is applied to magnetic fields and particles, it states that the inherent "instability \[of particles\] cannot be removed by \[any\] arrangement" of magnets.^[@ref26]^ The theorem proves that the sign of the curvature of the magnetic potential energy cannot be positive (no stable energy well possible) for spherical particles in a static magnetic field. Inspired by this theorem, we posited that by using ferromagnetic rods and fast magnetic pulses we could transiently reverse the sign of the potential energy and therefore enable a stable trap between magnets. The in vitro experiments below demonstrate that sequential magnetic pulses can focus ferromagnetic rods to a central target between magnets. We recognize that much work will be required to translate the results from an open vial of aqueous solution to complex biological systems that may include pulsatile flow and interfacial issues. A mitigating factor is that the above results were obtained with very low magnetic fields, as compared to the Tesla-level magnitudes that have been shown to be safe in humans,^[@ref28]^ and which would exert much more force on particles than in the above-described experiments. We hope that the results of this project will encourage investigators in the magnetic drug targeting field to pursue further research in shaped magnetic fields and in particle designs in order to eventually achieve clinical translation.

Exploiting Magnetic Relaxation to Focus Particles {#sec2}
=================================================

The mathematics covered by Earnshaw's theorem^[@ref26],[@ref27],[@ref29],[@ref30]^ are based on a system where magnetic materials are attracted to each other by a force that is inversely proportional to the distance squared between them. For such a situation, Earnshaw's theorem states that the Laplacian of a magnetic particle's potential energy in the applied magnetic field is at best equal to zero (∇^2^*U* = *d*~*x*~^2^*U* + *d*~*y*~^2^*U* + *d*~*z*~^2^*U* = 0). Thus, the curvature of the potential energy for any particle at any location cannot be positive (∇^2^*U* cannot be greater than 0) and so Earnshaw's theorem states that it is not possible to form a stable equilibrium (an energy well) between magnets. In Earnshaw's words, with parenthetical text added for clarity: "It may be observed also that the instability cannot be removed by arrangement \[of the particles or external magnets\] for though the values of *d*~*x*~^2^*U*, *d*~*y*~^2^*U*, *d*~*z*~^2^*U* depend upon the arrangement of the particles, the fact that one at least must be positive and one negative depends only upon the equation *d*~*x*~^2^*U* + *d*~*y*~^2^*U* + *d*~*z*~^2^*U* = 0 which is true for every arrangement."

Earnshaw's mathematical formulation has been applied to a magnetizable particle under the influence of a static magnetic field.^[@ref27]^ The potential energy of a magnetic particle is *U* = −μ~0~**M**·**H**, where the dot product of the particle magnetization **M** and the applied magnetic field **H** is multiplied by the permeability of free space μ~0~. Without magnetic saturation, the particle magnetization is **M** = χ*V***H**, where the magnetic field is multiplied by the material magnetic volume susceptibility and the particle volume. In other words, the potential energy of the particle is determined by the particle's magnetization alignment with the external magnetic field. Typically, small particles align with the magnetic field first *before* moving along the magnetic field gradient. By using Maxwell's magnetostatic equations, it can be shown that the energy of a small particle that has undergone such an alignment is ∇^2^U = −κ(\|∇*H*~*x*~\|^2^ + \|∇*H*~*y*~\|^2^ + \|∇*H*~*z*~\|^2^), where κ = μ~0~χ*V*. Since the elements within the parentheses are always positive, and since κ is always positive for ferri-, ferro-, or paramagnetic particles, the resulting system is unstable (the curvature of the magnetic potential energy can never be positive: ∇^2^*U* ≤ 0). In the case of diamagnetic materials (e.g., water, pyrolytic graphite), κ is negative. However, the magnetic constants of diamagnetic materials are orders of magnitude smaller than for ferromagnetic materials, implying that extremely strong magnetic fields and magnetic field gradients are required in order to push or concentrate diamagnetic materials.

The instability stated in Earnshaw's theorem implies that a distribution of particles can never be focused to a central target by using external *static* magnets. This implication has been cited by investigators in the field of magnetic particle therapeutics as a major challenge.^[@ref21],[@ref31]^ Figure [1](#fig1){ref-type="fig"} illustrates how various potential energy shapes impact a distribution of ferri-, ferro-, or paramagnetic particles. Under the ∇^2^*U* ≤ 0 curvature constraint stated by Earnshaw, magnetic field configurations can be made to generate magnetic forces that spread particles out by creating a magnetic energy peak (Figure [1](#fig1){ref-type="fig"}A). Alternatively, a magnetic energy saddle point can be made that generates magnetic forces pushing particles together in one direction, but as described by Earnshaw's theorem, this saddle point will also create forces spreading the particles out in another direction (Figure [1](#fig1){ref-type="fig"}B). To date, there has been no demonstration of how to create a magnetic energy well that generates forces capable of focusing all particles to a central location (Figure [1](#fig1){ref-type="fig"}C). If such a magnetic energy well was generated, it is possible that it could be used to focus particles to a central target deep within the body.

![How forces generated from a magnet configuration affect particle concentrations. A magnet configuration creates a magnetic potential energy surface (top row) that generates the magnetic forces. Magnetic forces (middle row) shape particle concentrations (bottom row). Particles will move from locations of high-energy states (white) to low-energy locations (black). Equivalently, particles will move due to either divergent forces (blue arrows) or convergent forces (red arrows). By applying Earnshaw's theorem to static magnetic fields, only unstable static magnetic potential energy configurations were theorized to be possible, e.g., (A) a peak energy configuration and (B) a saddle. (C) Through the use of pulsed magnetic fields, we have achieved the creation of a magnetic potential energy well on-average that is capable of concentrating particles to a central target.](nl-2014-03654t_0002){#fig1}

If we no longer consider the case of static magnetic fields and instead broaden our consideration to include the possibility of transient magnetic fields, then it becomes possible to choose a magnetic field configuration that can focus magnetic materials to a central target. If instead of using spherical particles we use rods, which align with the magnetic field only *after* they have already begun moving along the magnetic field gradient, we can effectively reverse the sign in Earnshaw's curvature constraint and achieve an energy well (a stable equilibrium).

In this work, we experimentally show in vitro that, by quickly pulsing magnetic fields, ferromagnetic rods can be forced to temporarily invert their magnetic potential energy shape, thereby concentrating an arbitrary number of ferromagnetic rods to a central target. Rods have been shown by previous reports to have in vitro and in vivo efficacy of nanorod-based gene delivery.^[@ref32]^ We are currently working to demonstrate our approach in vivo, and also to show the safety of our method, and those results will be reported in future publications. If successful, combined with clinically available magnetic fields and gradients,^[@ref27],[@ref33]−[@ref35]^ this method opens the possibility of effectively delivering therapies to target areas deep within the body by using external magnets.

The Physics of Inverting Ferromagnetic Behavior {#sec3}
===============================================

The main idea behind our technique can be conceptualized by observing the behaviors of toy bar magnets. At short time scales, small ferromagnetic rods act as tiny bar magnets. When these small rods are near a large magnet, the rods' poles closest to the magnet will determine the rods' behavior (see Figure [2](#fig2){ref-type="fig"}). In one configuration, if the poles of the rods nearest the magnet are opposite, then the rods will be attracted toward the magnet (Figure [2](#fig2){ref-type="fig"}A). In another configuration, if the poles closest to each other are the same, then the magnet will repel or push the rods away (Figure [2](#fig2){ref-type="fig"}B). Regardless of whether the rods are being attracted or repelled, the magnet is simultaneously rotating the rods so that the rods' closest poles will be opposite to the magnet's closest pole. Therefore, given enough time, the rods will *always* be pulled inward toward the magnet.

![Movement of small ferromagnetic rods in response to a magnet. (A) When the rods are aligned with the magnet (e.g., the north pole of the magnet near to the south poles of the rods), then the rods are attracted to the magnet. (B) When the rods are antialigned with the magnet (e.g., north poles of the magnet near to the north pole of the rods), then the rods are pushed away from the magnet.](nl-2014-03654t_0003){#fig2}

Our technique capitalizes on the ability of magnets to repel ferromagnetic rods that are antialigned with the magnet (Figure [2](#fig2){ref-type="fig"}B). Specifically, our technique has first been applied to ferromagnetic rods due to their stabilized magnetic domains, which allows their behavior to more closely resemble the behavior of tiny bar magnets. We first apply a uniform magnetic field that orients the rods in one direction. We then apply a magnetic field gradient that is antialigned with the rods (e.g., the closest pole of the magnet matches the closest pole of the rod) so as to ensure the initial movement of the rods is away from the magnet. Mathematically, the potential energy (*U* = −μ~0~**M**·**H**) of such antialigned rods will be *inverted* since the rod magnetization is now opposite that of the magnetic field (e.g., **M**/∥**M**∥ = −**H**/∥**H**∥). This type of inversion ultimately allows for the creation of a magnetic energy well, as the Laplacian of the magnetic potential energy will now initially be greater than zero, ∇^2^*U* \> 0. Through this technique of dynamically inverting the magnetic forces, we attain well-like curvatures of magnetic potential energy surfaces.

The key technical component of our technique is to invert the magnetic potential energy by the exploitation of the rotational dynamics of the ferromagnetic rods. First, we apply a uniform magnetic field that polarizes the rods. This is accomplished by actuating two electromagnets around the rods to transiently generate a uniform polarizing magnetic field that rotates the rods so that the rods' alignment matches the magnetic field alignment (Figure [3](#fig3){ref-type="fig"}A). This places the north poles of the rods to match to the north pole of the external field and the south poles of the rods to the south pole of the field. Since this uniform field has no spatial field gradient, it does not translate the rods. The uniform field is removed once the rods are aligned, at which time a transient gradient field (from only a single electromagnet) is applied that is antialigned with the polarizing field. Since the new gradient field is antialigned with the polarizing field, it is also antialigned with the rods' prior orientations. As a result, the rods will be repelled by this applied gradient field (Figure [3](#fig3){ref-type="fig"}B).

![How we reverse the sign of Earnshaw's curvature constraint. (A) Using two electromagnets, a uniform magnetic field is applied that rotates the rods to match the field. (B) A gradient that is opposite in alignment from the rods is then applied causing the rods to move away from the magnet.](nl-2014-03654t_0004){#fig3}

The sequential application of two magnetic fields, one to polarize and the other to push, can momentarily repel rods away from a magnet. However, the rods can only be repelled while they remain *anti-aligned* with the gradient field. During the application of the transient gradient field, the rods will be repelled and will also begin to rotate to match the alignment of the gradient field. Once rods match the gradient field alignment, they will no longer be repelled and will begin to be attracted toward the magnet. Therefore, there exists a maximum time duration of the gradient field before rods eventually rotate their magnetization and are attracted to the electromagnet.

The transient repulsion described above (instead of the usual attraction of particles to magnets) switches the sign in Earnshaw's formulation. It converts ∇^2^*U* ≤ 0 to ∇^2^*U* ≥ 0 and allows the inversion of an energy peak (Figure [1](#fig1){ref-type="fig"}A) into an energy well (Figure [1](#fig1){ref-type="fig"}C). To achieve such an energy well on average, we use pulsed electromagnets arranged in two dimensions around a collection of ferromagnetic rods (see Figure [4](#fig4){ref-type="fig"}). The sequence of activations shown in Figure [4](#fig4){ref-type="fig"} is designed to concentrate rods in two-dimensions by subsequently aligning and repelling rods in four directions. As each act of repulsion has a magnetic potential energy curvature greater than zero, the magnetic potential energy curvature on average will also be greater than zero, and an energy well will be formed. This sequence will therefore concentrate the rods to a central target. It follows that, by applying a repulsive force in both the positive and negative *z* direction, the rods can be focused in three dimensions.

![Sequence for creating a magnetic energy well. These 8 steps can be repeated multiple times to concentrate the ferromagnetic rods at a central location. The particles are (1) rotated to match a horizontal field, (2) repelled to the right, (3) rotated to match a vertical field, (4) repelled upward, (5) rotated to match a horizontal field, (6) repelled to the left, (7) rotated to match a vertical field, and then (8) repelled downward.](nl-2014-03654t_0005){#fig4}

To better understand the maximum allowable duty cycle of the repulsive gradient field, it is important to discuss the two types of effects behind the rotation of the magnetization of the rods: Brownian and Néel relaxation.^[@ref36]−[@ref38]^ Brownian relaxation describes the alignment of a particles' magnetization with the field due to the physical rotation of the particles within the fluid. Néel relaxation describes the shifting of the particles' magnetic domains so that they match the external field. Usually, the hydrodynamic resistance for reorienting the particles in space is less than the magnetostatic resistance for reorienting the particles' poles (e.g., for ferromagnetic particles). Typically, small superparamagnetic particles have short Néel and Brownian relaxation times (\<100 ns), while larger ferromagnetic and paramagnetic rods have much longer relaxation times \>100 μs.^[@ref36]−[@ref38]^ To achieve effective continuous repulsion of the ferromagnetic rods, the pulse duration of the magnetic gradient field should be less than the time it takes for the rods to realign with the gradient field. This is easier to achieve with rods compared to spheres, where the elongated shape of a rod grants the particles a higher moment of inertia. Under Brownian relaxation, cobalt rods (with a length of 200 μm, diameter of 200 nm, and a magnetic susceptibility of 0.65^[@ref39]^) would take approximately 500 μs to rotate and match a perpendicular magnetic field of 0.5 T.^[@ref40]^ In the experiments described below, we applied the gradient field for 50 μs, which is a much shorter time than it takes the rods to rotate. Since the rod magnetization will be opposite to the gradient field during the time the transient gradient field is applied, the rods will be repulsed by each electromagnet. Consequently, the magnetic potential energy can be inverted and, therefore, allows for the rods to be focused.

Experimental Results {#sec4}
====================

To demonstrate the dynamic magnetic inversion technique, we first built a system to push rods in one dimension. This system was used to confirm our hypothesis that the forces produced from the pulsed magnetic fields acting upon the ferromagnetic rods would indeed invert the magnetic potential energy shape. Both the one-dimensional and two-dimensional experiments are detailed in the [Supporting Information](#notes-3){ref-type="notes"}. Next, we built a system to experimentally demonstrate that dynamic magnetic inversion could focus cobalt rods in two dimensions (2-D). The 2-D magnetic focusing experimental system consisted of two Helmholtz coils (square diameter of 5 cm with 44 turns per side powered by a maximum of 11 A) for polarizing the rods, four gradient coils (2 cm diameter coils, 2 cm in length, with 120 turns powered by a maximum of 66 A) for transiently repulsing the rods, a USB camera (Celestron model 44302-A) for optical visualization of the rods, and a custom-built system using high voltage relays (Gigavac GH1) that controlled which coils received current. All coils surrounded a 25 mm × 25 mm sample region (see Figure [5](#fig5){ref-type="fig"}).

![Experimental system for dynamic magnetic inversion that repulses and concentrates rods in two-dimensions. (A) Schematic showing a computer controlling both the square pulse signal generator and the relay controller. Pulsed power supplies provided current to the high voltage relays, which passed the current into a specified pair of coils. Any axis can therefore be polarized in any direction as dictated by the computer graphical user interface. (B) Pulse sequence element for inverting the energy surface of ferromagnetic rods and concentrating them at the center of the sample area. This pulse sequence element is repeated many times for the four directions to push and concentrate the rods to the center. The applied sequence of magnetic fields and gradients used to concentrate rods to the center is shown schematically in Figure [4](#fig4){ref-type="fig"}. (C) Photograph of the wound coils surrounding the sample area.](nl-2014-03654t_0006){#fig5}

Cobalt rods (5 mg of 200 μm long × 200 nm, from PlasmaChem GmbH, Cat. Nr. PL-CoW200) were suspended within a 12 mm vial containing a 1:5 solution of hexane:isopropanol (solution used for reduced viscosity, however water can alternatively be used). The rods were dispersed by gently shaking the vial, making them initially undetectable to the unaided eye. The vial was placed within the sample region of the 2-D pulsed magnet system (Figure [5](#fig5){ref-type="fig"}A). Last, we applied a train of magnetic pulse sequence elements shown in Figure [5](#fig5){ref-type="fig"}B. Each pulse sequence element comprises the polarizing pulse followed by a short 5 μs delay time and finished with the gradient pulse. This pulse sequence element was repeated continuously and oscillated in all four directions (+*x*, −*x*, +*y*, and −*y*) as shown above in Figure [4](#fig4){ref-type="fig"}. The applied sequence of magnetic fields and gradients concentrated the ferromagnetic rods tightly to the central target, as shown in the final panel of Figure [6](#fig6){ref-type="fig"}. Focusing has also been demonstrated for custom grown 250 nm diameter nickel rods that are 2−8 μm in length and either without a coating or with a coating of 1 kDa PEG. Focusing has been accomplished for all particle types in three solutions: a 1:5 hexane to isopropanol solution; tap water; and 1× phosphate buffered saline (Sigma Aldrich).

![Focusing of ferromagnetic rods to a central target. Four snapshots of concentrating cobalt rods to the center of the sample area using dynamic magnetic inversion. The rods began optically undetectable and dispersed throughout the region. After 09:06 min, the rods were concentrated at the center of the sample area. Video available as [Supporting Information](#notes-3){ref-type="notes"}.](nl-2014-03654t_0007){#fig6}

The experiment results shown in Figure [6](#fig6){ref-type="fig"} illustrate that pulsed magnetic focusing worked in vitro. Development of the method for safe and effective operation in vivo is the subject of ongoing work and will be reported in future publications.

Conclusion {#sec5}
==========

Magnetic forces have been used to manipulate therapies in human patients, but the scope and utility of magnetic targeting using external magnets has been limited to superficial targets. We have shown in vitro that pulsed magnetic fields can exploit the rotational dynamics of ferromagnetic rods and thus attain well-like curvature of the magnetic potential energy. By applying transient magnetic gradients before the rods have had an opportunity to realign with the magnetic field, we can reverse the direction of forces and can create a stable energy well (i.e., inward pointing magnetic forces). Using this approach, we focused a disperse concentration of ferromagnetic rods to a central target between eight external electromagnets. In future work, we hope to demonstrate pulsed focusing to central targets between magnets in vivo, to validate safety, and to scale-up the method to the distances anticipated in human patients. Success would grant clinicians a tool capable of delivering therapy where it is needed, a key goal in magnetic drug targeting.

Details of the experimental set-ups for the one-dimensional and two-dimensional systems, as well as the results. In addition, a video for Figure 6 is available. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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